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1. Introduction 
In life cycle assessments consequential LCA is used as the “state-of-the-art” methodology, which focuses on 
the consequences of decisions made in terms of system boundaries, allocation and selection of data, simple 
and dynamic marginal technology, etc.(Ekvall & Weidema 2004). In many LCA studies, the energy demand 
applied is decisive for the results. In this extended abstract, consequential LCA methodology is examined 
with electricity as the case. The aim is to answer three questions: Which are the expected vs. the actual 
marginal electricity production technologies and what may be the future marginal technology? How is the 
marginal technology identified and used today? What is the consequence of not using energy system analy-
sis for identifying the marginal energy technologies? The use of the methodology is examined from three 
angles. First, the marginal electricity technology is identified in historical and potential future energy systems. 
Subsequently, key LCA studies of products and different waste flows are analysed in relation to the recom-
mendations in consequential LCA. Finally, a case of increased waste used for incineration is examined using 
an energy system analysis model. The differences in applying energy system analysis compared to assum-
ing a marginal electricity technology are illustrated. Through the analysis, the current recommended ap-
proach of consequential LCA is challenged. In the conclusions, recommendations for identifying affected 
technologies for consequential LCAs are made.  
2. The historical and future marginal electricity in the consequential approach 
In this section, it is analysed how the expected and actual marginal electricity technologies have developed. 
Consequential LCA is applied to historical and contemporary circumstances in order to evaluate the ability of 
the method to identify the technologies. As recommended focus is placed on the long-term marginal technol-
ogy (Ekvall & Weidema 2004). The long-term marginal technology with increasing electricity demand is the 
installed capacity with the lowest long-term production costs implemented. On the other hand, the long-term 
marginal technology with decreasing electricity demand is the capacity removed with the highest short-term 
production costs when the demand decreases faster than the replacement rate of the production capacity. 
These capacities are described as the simple marginal electricity technologies. In (Ekvall & Weidema 2004) 
a more detailed approach is recommended in which the long-term marginal technology must also be able to 
adjust the production or production capacity according to the changes in the life cycle. In this paper the dy-
namic electricity marginal technology is the capacity able to meet the changes in demand minute-by-minute 
similar to the practise in (Weidema 2003;Weidema, Frees, & Nielsen 1999). The dynamic marginal technolo-
gies are a subset of the possible simple marginal technologies.  
 
Two key types of data sources are used in the analysis. The first dataset consists of publications describing 
the long-term development of the Danish energy system. In these publications, the general development of 
demands, capacities, costs, etc., is outlined. Two types of publications are included. Official governmental 
energy plans and other energy plans from various organisations that includes costs and development trends. 
The publications enable the identification of a simple and a dynamic expected long-term marginal electricity 
applying the approach described above. The second dataset includes statistics of historical developments of 
the energy system, i.e. production, demand, capacities, etc. (Energistyrelsen - Danish Energy Authority 
2006). With this dataset the actual marginal technology is determined as the installed capacity due to the 
increased demand in the period, i.e. according the recommendations in the consequential LCA methodology. 
 
The question is what the expected marginal technology would have been, if we wanted to make an LCA at a 
given point in time from 1976 until now. In Table 1, the results of an analysis of ten different publications from 
1976 until 2006 are presented. The publications include a reference energy system projection and most of 
them also a plan for a changed system. The first step is to identify the trend of the electricity market. This 
reveals that the expected rate of increased demand has become significantly lower since 1976 and contin-
ues to decline. The next step is to examine changes in capacities, i.e. the new or phased out capacities in 
the publications. In most publications, a simple and dynamic marginal technology can be identified in both a 
reference and in a proposed energy system. In the ten publications, the expected simple and dynamic mar-
ginal technology changes between many different technologies. In the plans for energy systems, the mar-
ginal electricity changes between coal-based power plants (PP) to combined heat and power production 
(CHP) units. The actual simple marginal technology in the 1990s was wind power, as the main long-term 
investments where made in this sector. In recent years, decentralised natural gas (Ngas) CHP units have 
been installed and capacity is now able to participate on the electricity markets. Compared to coal PP/CHP, 
these units seemingly have good abilities to compete on markets dealing with short-term changes and can 
be defined as the dynamic marginal at the moment. From 2005 until today, the main new capacity installed is 
coal CHP replacing coal PP and hence, coal CHP is the simple marginal technology at the moment, since it 
cannot compete with the Ngas CHP on the regulating market as explained above.  
 
There are four main reasons for these and other discrepancies between the reference, the planned and the 
actual marginal technologies seen in a historical perspective. The first reason is that the objectives in the 
publications change over time. The second is that not all plans in the publications are implemented. The third 
is that the focus is placed on today’s technologies in the publications and not on modified uses or potential 
future technologies. An example of this is the exclusion of Ngas CHP and renewable energy in the first publi-
cation analysed. Another example is the fact that CHP units in the governmental publications until today 
have been regarded as non flexible. The fourth reason is that mostly only one or few and low fuel price sce-
narios are used and that CO2 quota prices have only been used from 2003. This has significant impacts on 
the investments made. This is especially visible in the differences in the marginal technologies presented in 
the governmental publications from 2003 and 2005. All four reasons affect the expected investments heavily. 
The analyses so far indicate that the methodology of consequential LCA used for identifying the marginal 
electricity may be too simplified and is disputable. This is further elaborated on in the next section. By apply-
ing consequential LCA at least five different types of capacity can be identified as the marginal technology in 
the next 10-20 years for future LCA studies. This indicates that several scenarios should be taken in to ac-
count. Please note that a similar table could be constructed for marginal heat technologies. 
 
Table 1, Marginal electricity technologies from 1976 until 2005 and the actual marginal electricity from 1976 until 2006. (Blegaa et al. 
1976;Danish Energy Authority 2003;Hvelplund et al. 1983;Lund & Mathiesen 2006;Ministry of Energy 1981;Ministry of Energy 
1990;Ministry of Energy 1993;Ministry of Environment & Energy 1996;Ministry of Trade 1976;Ministry of Transport and Energy 2005) 
 
Period / 
type of 
publication 
Ref. / 
planned 
demand 
Ref. marginal 
tech. simple / 
dynamic 
Main new 
capacity 
planned 
Planned marginal 
tech. simple / 
dynamic  
Actual de-
mand / until 
year 
Actual main 
phased out 
capacity 
Actual marginal 
tech. simple / 
dynamic 
1975-1995  
Gov.  
Steep / 
heavy incr.  Oil PP Nuclear PP 
Nuclear PP /  
coal PP Incr. / 1980 Oil PP  Coal PP  1975-1995 
NGO  
Incr. /  small 
incr. Oil PP Ngas CHP 
Ngas CHP / Ngas 
PP 
1981-2000  
Gov.  
Incr. /  small 
incr. Coal PP Nuclear PP 
Nuclear PP /  
coal PP Incr. / 1990 Oil PP  Coal CHP &  Coal PP  1981-2000  
NGO  
Incr. / steep 
decr. Coal PP Ngas CHP Coal PP 
1988-2030 
Gov.  
Incr./ small 
incr. Coal PP Ngas CHP 
Ngas CHP /  
coal PP Small incr. / 
2000 
 
Coal PP 
Wind power & 
(Coal PP)  
 
1988-2005 
Gov.  
Incr./ small 
incr. Coal PP Ngas CHP 
Ngas CHP 
Ngas PP 
1996-2030 
Gov.  
Small incr. / 
decr.  Coal CHP Biomass CHP 
Coal CHP / Nor-
wegian hydro 
2003-2017 
Gov.  
Small incr. / 
- Ngas PP - - 
Small incr. / 
2005 
Coal PP  
 
Coal CHP &  
(Ngas CHP) 
2005-2025 
/ Gov.  
Price level:  
1. Low  
2. Base 
3. High 
Small incr. / 
- 
Wind power / 
Ngas CHP - - 
? ? ? 
Small incr. / 
- 
Wind power / 
Ngas CHP - - 
Small incr. / 
- 
Wind power / 
Biomass CHP - - 
2004-2030 
/ Alt. 
Small incr. / 
steep decr. 
Wind power / 
Biomass CHP Wind power 
Coal PP / flex. 
Technology 
3. Reviewing marginal electricity in “state-of-the-art” consequential LCA studies 
Here, the current identification and use of marginal energy technologies in consequential LCAs is analysed. 
For this purpose, ten LCA studies applying the methodology and performed within the last five years are 
reviewed. Not all studies use the term consequential; nonetheless, in all cases, consequences of a change 
are modelled and the marginal energy technology is identified. Two criteria are applied for the selection of 
the studies: 1. the study is change-oriented, 2. energy is an important factor for the results. The studies are 
found in article databases e.g. the Danish Environmental Protection Agency. For this purpose, the majority of 
important studies performed are included; however, some may unintentionally have been left out. The overall 
aim of the review is to assess the type and identification practise of marginal energy technologies in conse-
quential LCAs on the basis of four questions: 1) What is used as marginal technology? 2) How was the mar-
ginal technology identified? 3) Was the identified marginal technology in the LCA short or long-term? 4) How 
important was energy for the results? Both electricity and heat is included in this review, as the affected heat 
technology is also important in these LCAs. The LCAs all apply to the Nordic countries reflected by the tech-
nology choices in Table 2. Some studies use more than one technology. For electricity, the marginal tech-
nology is mainly identified as either coal or Ngas, whereas the results for heat are more varied.  
 
Table 2, Identified marginal technologies for electricity and heat production in the ten reviewed studies. 
(Baky & Eriksson 2003;Dall et al. 2003;Eriksson et al. 2007;Finnveden et al. 2005;Frees 2002;Frees et 
al. 2005;Jensen & Thyoe 2007;Kromann et al. 2004;Schmidt et al. 2007;Thrane 2006) 
 
 Technology (electricity) Technology (heat) 
Coal CHP X  X X 
Coal PP X X X X  
Ngas CHP X X X  X X X X 
Mix of coal CHP and Ngas CHP  X 
Forest residues (biomass)  X 
Complex marginal (mix of different fuel types) X X 
Central CHP plants  X X 
Site-specific (average - not marginal) X  
 
The marginal electricity technology has been identified by different approaches more or less following or 
referring to the guidelines of (Ekvall & Weidema 2004). The arguments for defining Ngas CHP as marginal 
technology are mainly based on the Kyoto protocol, indirectly constraining the use of coal due to its high CO2 
emissions, and defining Ngas as the cheapest alternative. The arguments for choosing coal PP as the mar-
ginal technology are not described in such detail, but one reason is that coal is the most polluting technology 
resulting in close down of old coal PP. One study refers to (Weidema, Frees, & Nielsen 1999) for identifica-
tion of the marginal technology for European electricity and one uses (Behnke 2006). In some studies, wind 
is also mentioned as a potential marginal electricity technology, but is disregarded as it is constrained by 
wind speed and not market demand, i.e. not a dynamic marginal technology. Only one study differs by using 
energy system analysis for identifying the marginal technology and thus defining it as a mix of different tech-
nologies (Eriksson, Finnveden, Ekvall, & rklund 2007). In the majority of the studies reviewed, a long-term 
time horizon of 10-20 years is used. This approach is consistent with the recommended methodology (Ekvall 
& Weidema 2004).  
 
All the assessed studies conclude that energy is important when determining the results. Sensitivity analyses 
are performed identifying the consequences of another marginal technology in most studies. Especially, in 
studies comparing recycling to incineration, the marginal technology is important, as it is much more envi-
ronmentally beneficial to substitute coal than Ngas technologies. It can be concluded that different marginal 
technologies are identified with varying arguments. Only a few studies take into account whether the demand 
of electricity and heat is increasing or decreasing compared to the overall demand, in most studies this issue 
is not mentioned. In nine out of ten of the reviewed studies the arguments are in the line of a simple marginal 
and some consider that it is a dynamic marginal technology, i.e. as defined and used in section 2. Only one 
study applies an approach where the marginal is complex. This is analysed further in the next section. 
4. Case study: energy systems analyses and technology change 
In this section, the consequences of not using energy system analysis for identifying marginal energy tech-
nologies are illustrated. A case is analysed where 1 additional TWh waste is incinerated. This situation is 
important in consequential LCA studies of e.g. waste incineration vs. recycling. Here, identification of a com-
plex set of long-term marginal technologies is analysed. Ten different scenarios are analysed using the En-
ergyPLAN model, which has also been used for analyses for the Danish Government and for research. It 
conducts hour-by-hour analyses of different electricity, heat and transport technologies fulfilling the de-
mands, which are given as annual hourly distributions. The model simulates the energy system and marginal 
Danish technologies, as well as exchanges on the Nordic electricity market. The model and the assumptions 
behind is described in (Lund 2007). Three parameters are changed to illustrate their importance when identi-
fying the marginal technology: the energy system, the production distribution in time and in geography.  
 
The results are presented as the marginal change when comparing a reference utilising 13.4 TWh waste 
with the current geographical distribution and the current constant production. In ten scenarios 1 TWh waste 
is added to different geographical locations (characterised by the district heating systems they are connected 
to) and with different time distribution (characterised by the flexibility with which the waste can be used). The 
analysis is conducted for two possible Danish energy systems in 2030: a business-as-usual system (BAU) 
Fig.  2, Fuel substitution with 1 TWh waste added in the 
 decentralised CHP areas in a business-as-usual scenario. 
Fig.  1, Fuel substitution compared to the reference scenarios. 
with a higher energy demand than today and an energy system with 45% renewable energy (IDA) with a 
lower energy demand than today, described in (Lund & Mathiesen 2006;The Danish Ministry of Transport 
and Energy 2005). First the 1 TWh waste is added with the current distribution between areas producing 
heat only, areas with decentralised CHP and areas with central CHP (scenario 1 & 2). Subsequently, the 
waste is added first in the areas where heat only is produced (scenario 3 & 4) and then in the decentralised 
(scenario 5 & 6) and central CHP areas (scenario 7 & 8). In the last scenarios (9 & 10), the waste incinera-
tion is assumed to be used flexibly with the current geographical distribution. This requires pre-treatment of 
the waste. The scenarios are compared with two examples of using the consequential approaches according 
to the review above of how the energy marginal is used today for incineration i.e. one example with coal PP 
and heat from N.Gas CHP and one with N.Gas CHP. Both calculated with the energy quality method. 
 
Fig.  1 illustrates the great variations achieved 
by adding the waste in different energy systems 
and with different distributions in time and geog-
raphy. The difference is also big compared to 
the consequential approach, where e.g. a large 
amount of coal is substituted in one of the sce-
narios. In general most natural gas is substi-
tuted and lower amounts of coal. In most cases 
oil is substituted when adding waste in the BAU 
energy system, whereas biomass may be sub-
stituted in the RE energy system. Overall add-
ing the waste in the RE energy system has 
lower effect as the system is less flexible e.g. 
due to a large percentage of wind power. 
 
It is possible to identify where in the energy system production increases and where it decreases divided on 
the three areas. Fig.  2 illustrate this for the scenario where the extra 1 TWh waste is incinerated in a decen-
tralised CHP area in the BAU energy system (scenario 5). Although there e.g. is a net substitution of natural 
gas and coal an increased consumption occurs in the power plants in the central areas whereas fuel is sub-
stituted in the decentralised CHP area. There is an increased need for flexibility in the system, as the waste 
is incinerated as base load. Hence, the substituted technologies are “simple” marginal technologies and the 
technologies with increased production are “dynamic”. The environmental consequences vary depending on 
which technology the fuel is used in. The energy system analysis can also give data on CO2 emissions as 
well as changes in electricity export. Furthermore, it is possible to analyse scenarios with different fuel prices.  
 
The overall conclusion of the case study is 
that the consequential approach is too sim-
ple. The future energy system, the district 
heating network and the flexibility is very 
important when determining the marginal 
energy technology when adding 1 TWh 
waste into the energy system. In all scenar-
ios analysed a mix of different technologies 
is affected and for none of the scenarios is 
coal PP the main affected technology.  
5. Conclusion 
The results of the historical analysis illustrate that when applying the recommendations in consequential LCA 
to identify the future marginal electricity technology, the actual marginal technology is not the same as the 
one which could have been foreseen. The results also indicate that the future marginal electricity technology 
can be at least five different technologies. The review of recent LCAs reveals that the studies did not apply 
the methodology consistently and referred to different arguments for choosing mainly coal PP or Ngas CHP 
as the marginal technology. In most studies Ngas PP is included in a sensitivity analyses. The energy sys-
tem analysis of different uses of 1 TWh waste illustrates that complex mixes of technologies are affected 
depending on the future energy system, where production plants will be placed, and on how flexibly the addi-
tional waste is used. Compared to the approach in the reviewed LCAs the energy system analysis revealed 
that several fuels and technologies are affected. Boundary conditions are however also important in energy 
system analyses and must be taken adequately into account. The current perfunctory approach of identifying 
marginal energy technologies illustrated in here is problematic as the identification of the marginal technol-
ogy by use of the consequential methodology is increasingly important in the practise of LCA studies. 
 
On the basis of the analyses, it can be recommended to improve the current practice by 1) using combined 
affected technologies, i.e. a complex set of marginal technologies; 2) using long-term perspectives by identi-
fying affected technologies in several possible future scenarios, and 3) identifying the affected technologies 
based on energy system analysis with realistic geographical distributions and distribution in time.  
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